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The  creation  of  nanostructured  materials  with  three-dimensional  periodicity  has  been  identified  as  a 
potential  interesting  field  for  increasing  the  overall  performance  of  solid  oxide  fuel  cells  (SOFCs).  In  this 
work,  we  have  investigated  the  formation  of  Pro.6Sro.4Feo.8Coo.2O3  nanotubes  with  different  diameter 
sizes  employing  polymeric  membranes  as  templates.  The  samples  were  characterized  by  X-ray  diffrac¬ 
tion  and  field  emission  scanning  electron  microscopy.  The  polarization  resistance  of  the  materials  was 
measured  by  electrochemical  impedance  spectroscopy  (EIS).  A  study  of  the  influence  of  the  temperature 
on  the  nanostructure  has  also  been  carried  out,  demonstrating  that  the  sintering  process  affects  to  the 
electrochemical  performance  of  the  cathode.  The  study  shows  that  the  nanotubes  with  higher  diame¬ 
ter  size  present  a  better  performance  at  high  temperatures  than  those  with  diameter  sizes  smaller  than 
100  nm.  The  ASR  (area  specific  resistance)  value  of  the  sample  synthesized  with  a  pore  diameter  size  of 
0.8  (Jim  is  as  good  as  0.12  Q  cm2,  allowing  it  use  as  cathode  in  solid  oxide  fuel  cells  (SOFCs). 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Environmental  problems  are  one  of  the  most  important  chal¬ 
lenges  for  the  human  future  societies.  One  of  the  aspects  with 
more  influence  on  this  problem  is  the  field  of  the  energy.  Several 
energy  devices  have  appeared  and  developed  in  the  past  decades, 
fuel  cells  being  one  of  them.  Due  to  their  high  efficiency,  flexibility 
with  respect  to  the  fuel  and  low  environmental  impact,  the  solid 
oxide  fuel  cells  (SOFCs)  are  considered  one  of  the  most  promis¬ 
ing  energy  conversion  devices  [1,2].  However,  their  high  operating 
temperature  (800-1 000  °C),  creates  problems  associated  with  the 
cost  of  the  equipment.  This  fact  has  intensified  the  need  of  reducing 
the  temperature  of  the  cell  to  the  intermediate  range  (500-700  °C). 
Lowering  the  operation  temperature  of  SOFCs  affects  not  only  to  the 
cost,  but  also  to  the  range  of  material  selection  and  improves  the 
stability  and  reliability  for  the  SOFC  system  [3].  The  development 
of  the  intermediate  temperature  solid  oxide  fuel  cells  (IT-SOFCs) 
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would  promote  the  introduction  of  these  devices  onto  the  market 
by  reducing  manufacturing  costs  and  increasing  their  durability. 

These  IT-SOFCs  allows  the  use  of  new  materials  such  as  the 
nanostructured  materials.  These  new  materials  are  temperature 
dependent,  because  the  increase  of  temperature  promotes  the 
sintering  of  the  particles  changing  therefore  the  structure  of  the 
material.  The  use  of  nanostructured  materials  as  SOFC  electrodes 
could  provide  some  advantages  as  the  increase  of  the  specific  area. 
This  fact  is  closely  related  to  the  creation  of  double  and  triple  phase 
boundary  (DPB  and  TPB)  which  has  a  great  influence  in  the  catalytic 
activity  of  the  electrodes.  Several  techniques  are  being  employed 
in  order  to  obtain  new  nanostructured  materials  [4,5].  One  of 
them  is  the  use  of  polymeric  templates  as  polymethilmetacrilate 
(PMMA),  polystyrene  and  polycarboxylate.  These  templates  act  as 
pore  formers  and  allow  the  formation  of  nanoporous  materials 
[6,7].  Other  types  of  nanostructured  materials  are  the  nanotubes, 
which  are  commonly  obtained  employing  either  polymeric  or  inor¬ 
ganic  membranes. 

This  paper  describes  the  initial  steps  in  the  development  of  a 
high  performance  nanostructured  Pro.6Sro.4Feo.sCoo.2O3  material 
for  its  application  as  cathode  for  SOFCs.  The  nanostructure  includes 
perovskite-type  nanotubes  synthesized  with  polycarbonate  porous 
membranes,  with  a  porous  diameter  of  0.1  and  0.8  p,m. 
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2.  Experimental 

2.1.  Synthesis  of  nanostructured  Pro.6Sro.4Feo.8Coo.2O3 

The  Pro.6Sro.4Feo.8Coo.2O3  (PSFC)  perovskite-type  oxide  precur¬ 
sor  has  been  synthesized  by  the  conventional  sol-gel  method. 
The  sol-gel  technique  has  been  particularly  investigated  because 
it  enables  to  prepare  very  fine  powders  with  a  low  agglomer¬ 
ating  degree  and  for  its  simplicity  to  apply  this  technique  in 
the  use  of  membrane  templates  [8,9].  Commercial  porous  poly¬ 
carbonate  membranes  (Millipore)  with  porous  diameters  of  0.1 
and  0.8  |xm  have  been  used  as  template  in  order  to  obtain  the 
nanotubes  [10].  Metal  nitrate  salts  were  used  as  the  starting 
materials  for  the  final  product  and  citric  acid  was  employed 
as  chelating  agent.  Pr(N03)3-5Fl20,  Sr(N03)2,  Fe(N03)3-9Fl20  and 
Co(N03)2-6H20  (Sigma  Aldrich)  were  weighted  stoichiometrically 
according  to  the  nominal  composition  of  Pro.6Sro.4Feo.sCoo.2O3  and 
then  dissolved  in  distilled  water.  In  order  to  determine  the  accurate 
cation  stoichiometry  of  the  starting  reagents,  the  corresponding 
metal  nitrates,  which  are  generally  hygroscopic,  were  decomposed 
up  to  1 000  °C  in  a  TG/DTA  (TA  STD  2960).  Citric  acid  was  then  added 
into  the  solution  and  the  resulting  mixture  was  well  stirred  until 
it  was  completely  dissolved.  After  the  solution  was  poured  respec¬ 
tively  onto  the  two  different  polycarbonate  membranes  (0.1  and 
0.8  pm  pore  diameter  size).  Once  the  solution  has  passed  through 
the  membranes,  these  are  removed  from  the  dissolution  and  a 
heating  process  is  carried  out.  The  polymer  templates  were  sub¬ 
sequently  removed  during  this  thermal  treatment  at  700  °C  in  air 
with  a  heating  rate  of  1  °Cmin-1  and  also  the  crystallization  of  the 
compounds  was  reached.  Although  the  crystallization  of  the  com¬ 
pound  could  be  obtained  at  600  °C,  these  extra  100°C  can  improve 
the  mechanical  resistance  of  the  materials  without  affecting  to 
the  sinterization  of  the  nanostructures  [11].  Thus,  new  materi¬ 
als  with  a  highly  ordered  three-dimensional  nanostructures  were 
obtained. 

2.2.  X-ray  characterization 

The  X-ray  powder  diffraction  (XRD)  data  were  used  to  charac¬ 
terize  the  obtained  crystal  structure  of  the  as-calcined  materials, 
using  a  Philips  PW1710  diffractometer,  with  CuKa  radiation  and  a 
scanning  step  0.02°  over  the  angular  range  5°-70°.  The  obtained 
data  were  fitted  using  the  FULLPROF  program  [12]. 

2.3.  Microstructure  analysis 

For  microstructure  analysis,  obtained  powders  were  examined 
by  transmission  electron  microscopy  (TEM)  using  a  Philips  CM200 
transmission  electron  microscope  and  by  field  emission  scanning 
electron  microscopy  (FESEM)  with  Schottky  emitter  using  a  JEOL 
JSM-7000F  microscope  at  20  kV  accelerating  voltage. 

2.4.  Electrochemical  measurements 

Electrochemical  impedance  spectroscopy  (EIS)  measurements 
of  symmetrical  test  cells  with  samaria  doped  ceria  (SDC)  as 
electrolyte,  were  conducted  using  a  Solartron  1260  Impedance 
Analyzer.  The  frequency  range  was  10-2  to  106FIz  with  signal 
amplitude  of  50  mV.  All  these  electrochemical  experiments  were 
performed  at  equilibrium  from  room  temperature  up  to  850  °C  and 
from  850  °C  down  to  room  temperature,  under  both  zero  dc  current 
intensity  and  air. 

Ceo.8Smo.2O2  (SDC)  has  been  selected  as  the  electrolyte  for  the 
measurements,  because  of  the  good  performance  that  it  presents 
at  intermediate  temperatures  [13,14].  The  SDC  pellets  were  made 
using  Nextech  materials  as  they  were  received.  The  powder  of  each 
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Fig.  1.  Diffraction  profile  of  the  PSFC  phase:  experimental  (squares),  fitted  (line)  and 
difference  between  them  (lower  line). 

material  was  pressed  under  5  tons  (49,000  N)  uniaxial  force  to  form 
green  pellets  with  a  diameter  of  1  cm.  The  pellets  were  sintered  at 
1500  °C  for  2  h  obtaining  a  density  higher  than  93%  relative  to  the 
theoretical  value.  The  surface  of  the  pellets  was  polished  and  then 
cleaned  with  ethanol  and  acetone  solutions.  The  area  of  the  pellets 
was  approximately  0.5  cm2. 

In  order  to  prepare  the  electrodes,  the  synthesized  powders 
were  dispersed  in  a  vehicle  ink  forming  a  paste.  This  paste  was 
painted  on  both  faces  of  the  pellets  forming  symmetrical  cells. 
These  cells  were  sintered  at  1 100  °C  for  1  h  to  allow  the  good  adhe¬ 
sion  of  the  cathode  on  the  surface  of  the  electrolytes.  As  current 
collector  platinum  has  been  used.  To  ensure  the  adhesion  of  the 
platinum  to  the  cathode  surface  a  thermal  treatment  at  900  °C  was 
carried  out. 

3.  Results  and  discussion 

3.1.  X-ray  characterization 

Pro.6Sro.4Feo.8Coo.2O3  was  obtained  as  a  pure  single  phase,  pre¬ 
senting  orthorhombic  perovskite  structure  (space  group  Pbnm), 
similar  to  GdFe03  (see  Fig.  1).  As  the  sample  prepared  with  mem¬ 
branes  of  0.1  [xm  (PSFC01)  and  the  prepared  with  membranes  of 
0.8  |xm  (PSFC08)  were  synthesized  from  the  same  dissolution  the 
obtained  cell  parameters  from  XRD  are  similar,  being  a  =  5.465(6)  A, 
b  =  5.471  (3)  A  and  c  =  7.731  (6)  A. 

3.2.  Microstructure  analysis 

The  morphology  of  the  synthesized  samples  can  be  observed 
in  Fig.  2.  The  images  show  nanostructured  morphology  homoge¬ 
nously  distributed  along  the  sample  with  both  polymeric 
membranes  (Fig.  2a  and  c).  Attending  to  the  images  with  more 
detail,  the  perovskite  nanotubes  and  their  respective  diameters  and 
length  can  be  observed  (Fig.  2b  and  d).  Microstructural  parameters 
are  given  in  Table  1 ,  showing  that  the  wall  thickness  of  the  prepared 
tubes  is  within  the  nanoscale. 

The  SEM  images  in  Fig.  2b  and  c  show  the  perovskite-type 
hollow  nanotubes  with  diameters  of  80  nm  for  the  membranes 
of  the  0.1  |xm  pore  size,  and  550  nm  for  the  0.8  fxm  membranes 
(see  Table  1 ).  The  transmission  electron  microscopic  (TEM)  studies 
on  the  morphology  of  the  samples  synthesized  using  both  tem¬ 
plates  show  the  presence  of  nanotubes  of  submicron  wall  thickness 
(Fig.  3).  This  hollow  morphology  is  the  product  of  the  template 
assisted  synthesis,  but  this  material  requires  two  additional  ther¬ 
mal  treatments,  in  order  to  improve  the  adhesion  of  the  cathode 
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Fig.  2.  SEM  images  of  the  morphology  of  the  (a  and  b)  PSFC01  and  (c  and  d)  PSFC08  nanotubes. 


to  the  electrolyte  and  also  of  the  platinum  ink,  which  acts  as  cur¬ 
rent  collector.  These  thermal  treatments  need  temperatures  around 
1 1 00  °C,  this  means  that  the  morphology  of  the  samples  can  change 
because  of  the  sintering  of  the  nanotubes.  Fig.  4  shows  the  SEM 
images  of  the  samples  after  these  two  treatments. 

The  images  reveal  that  the  temperature  has  produced  a  change 
in  the  morphology  of  both  samples.  The  nanotubes  of  both  samples 
have  suffered  a  change,  turning  their  tube  morphology  into  thicker 
nanowires.  However  the  morphology  is  still  three-dimensionally 
ordered  along  the  sample. 

In  addition,  as  the  electrochemical  measurements  are  carried 
out  in  temperature,  another  extra  thermal  treatment  is  required. 
Fig.  5  shows  the  SEM  images  of  the  samples  after  all  the  treatments 
that  are  required  including  the  one  that  is  carried  out  for  the  elec¬ 
trochemical  measurements  of  the  samples,  in  other  words,  Fig.  5 
shows  the  final  morphology  of  the  samples. 

The  SEM  images  show  another  change  in  the  morphology  of 
the  sample  PSFC01.  The  three-dimension  order  has  disappeared, 
resulting  in  a  disordered  microstructure  with  a  high  sinteriza- 
tion  degree  at  some  points.  Nevertheless  the  nanotubes  of  the 
PSFC08  sample  have  suffered  a  smaller  change  keeping  the  3D 
order  and  a  larger  surface  area  than  the  sample  PSFC01,  which 
facilitates  the  creation  of  double  phase  boundaries  (DPBs)  in  the 
cathode. 


3.3.  Electrochemical  characterization 

The  main  processes  which  can  take  place  in  the  oxygen 
reduction  mechanism  on  porous  MIEC  (mixed  ionic  and  elec¬ 
tronic  conductors)  electrodes  are  the  following:  (i)  diffusion  of  02 
molecules  in  the  gas  phase  to  the  electrode,  (ii)  oxygen  dissociative 
adsorption  on  cathode  surface,  (iii)  surface  diffusion  of  oxygen  on 
the  cathode,  (iv)  incorporation  of  oxygen  into  electrolyte  via  the 
triple  phase  boundary  (TPB)  in  the  electrode/electrolyte  interface, 
(v)  oxide  ion  incorporation  in  the  bulk  of  cathode  (if  mixed  con¬ 
ducting),  (vi)  bulk  or  surface  transport  of  oxide  ion  from  cathode 
to  electrolyte,  and  (vii)  electrochemical  charge  transfer  across  the 
electrode/electrolyte  interface  [15-17]. 

The  Nyquist  diagrams  show  the  semicircles  due  to  the 
ionic  transport  in  the  electrolyte  at  low  temperatures  whereas 
at  high  temperatures  the  phenomena  characterizing  the  cath¬ 
ode/electrolyte/gas  interface  are  found.  However,  the  analysis  of 
EIS  plots  in  terms  of  fitting  with  equivalent  circuits  is  complicated 
because  the  correlations  between  the  equivalent  circuit  elements 
and  the  actual  physical  transport  and  transfer  processes  at  the  cath¬ 
ode  are  vague  [18]. 

The  spectra  for  PSFC/SDC/PSFC  cells  and  their  obtained  fit  mea¬ 
sured  in  air  at  700  °C  are  shown  in  Fig.  6.  R-SDC  corresponds  to 
ohmic  resistance,  R-l  is  due  to  charge  transfer  and  R-2  is  attributed 


Table  1 

Microstructural  parameters  of  the  PSFC  nanostructures  at  different  temperatures. 


Sample 

Temperature  of  the  thermal 
treatment  (°C) 

Morphology 

Wall  thickness  (nm) 

External  diameter  (nm) 

Internal  diameter  (nm) 

PSFC01 

600 

Nanotubes 

20 

80 

35 

1000  +  900 

Nanowires 

- 

500 

- 

850 

Disordered  microstructure 

PSFC08 

600 

Nanotubes 

100 

550 

290 

1000  +  900 

Nanowires 

- 

520 

- 

850 

Nanowires 

500-600 
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200  nm 


Fig.  3.  TEM  images  of  the  morphology  of  the  (a)  PSFC01  and  (b)  PSFC08  nanotubes. 


to  dissociative  adsorption  on  the  electrode  surface  and  gas  diffu¬ 
sion,  respectively  [19].  R-l  and  R-2  have  constant  phase  elements 
(CPEs)  in  parallel  to  simulate  the  distribution  of  relaxation  time  in 
the  real  system.  The  high-frequency  arc  (R-l)  is  assigned  to  the 
charge  transfer  of  oxide  species  across  the  electrode/electrolyte 
interface  and  through  the  cathode  material,  followed  by  the  ion 
incorporation  into  the  electrolyte.  This  contribution  implies  a  pro¬ 
cess  related  to  the  interface  and  to  the  bulk  of  the  cathode,  but 
not  to  the  cathode  surface.  The  contribution  of  the  transport  of 
chemically  reduced  oxygen  through  the  mixed  conductor  by  solid- 
state  diffusion  has  been  found  to  be  related  to  the  bulk  properties 
of  the  electrode  [20,21].  This  way,  the  oxide  ion  diffusion  in  the 
perovskite-type  cathode  bulk  must  be  taken  into  account.  Although 
doped  lanthanum  cobaltites  are  widely  used  as  electrode  materials 
for  SOFCs  due  to  their  mixed  ionic-electronic  conductivity,  when 
a  large  amount  of  Fe  is  introduced  on  the  Co  site,  the  electronic 
structure  is  more  complex,  exhibiting  more  semi-conductor-like 
behavior  [22].  As  shown  by  Mizusaki  et  al.  [23],  the  oxygen  non¬ 
stoichiometry  in  orthoferrites  is  lower  than  in  cobaltites  and  the 
oxygen  vacancy  concentration  strongly  depends  on  the  oxygen  par¬ 
tial  pressure.  Adler  [17]  reported  that  higher  electronic  conduction 
is  correlated  with  faster  oxygen  exchange,  while  higher  vacancy 
concentration  leads  to  faster  ion  transport  and  surface  exchange. 
This  way  PSFC  material  tends  to  have  much  better  surface  catalytic 
properties  than  more  purely  ionically  conductive  materials.  Any¬ 


way,  the  oxygen  conduction  in  PSFC  perovskite  is  not  negligible. 
The  resistance  value  corresponding  to  this  high-frequency  contri¬ 
bution  is  similar  for  the  PSFC01  and  PSFC08  samples,  pointing  out 
that  the  size  and  morphology  of  the  nanostructures  does  not  affect 
the  electrode/electrolyte  interface.  The  semicircle  of  larger  size  that 
appears  at  medium-low  frequencies  (R-2)  is  attributed  to  the  sur¬ 
face  diffusion  (CTad  ->  CrTPB).  The  oxide  ions  formed  in  the  DPB 
sites  must  move  to  the  TPB  sites  to  be  able  to  cross  the  electrolyte. 
The  contribution  due  to  gas  diffusion  process  is  usually  observed 
at  low  frequencies,  but  at  700  °C  this  contribution  is  overlapped 
with  the  surface  diffusion  process  and  it  is  difficult  to  distinguish 
both  contributions.  A  mechanism  of  reaction  in  which  the  oxygen 
diminishes  chemically  on  the  surface  of  the  mixed  conductor  exists, 
followed  by  the  diffusion  of  the  oxygen  across  the  cathode  material 
towards  the  electrolyte.  Diffusion  through  the  porous  material  is 
typically  described  by  either  ordinary  or  Knudsen  diffusion  [24].  As 
shown  in  SEM  and  TEM  images,  a  highly  porous  material  is  obtained 
and  in  the  pores  molecules  collide  more  frequently  with  the  pore 
walls  than  with  other  molecules.  The  mean  free  path  is  estimated 
to  be  about  68  nm  at  ambient  pressure  and  taking  into  account 
the  size  of  the  pores,  in  PSFC01  gas  molecules  collide  more  fre¬ 
quently  with  the  pore  walls  than  with  themselves.  As  a  result  of 
frequent  collisions  with  the  wall  of  the  pore,  the  transport  of  the 
molecule  is  impeded  [25],  facilitating  the  oxygen  adsorption.  As 
shown  in  Fig.  6,  the  PSFC01  sample  exhibits  a  lower  resistance  at 
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Fig.  4.  SEM  images  after  the  two  thermal  treatments  required  for  the  adhesion  of 
the  cathode  and  the  platinum  ink:  (a)  PSFC01  and  (b)  PSFC08. 


700  °C  than  PSFC08.  This  fact  can  be  explained  due  to  the  smaller 
size  of  the  nanostructures  synthesized  with  the  0.1  |jim  pore  size 
membrane.  This  smaller  size  could  generate  more  double  phase 
boundaries  (DPBs),  increasing  thereby  the  active  area  of  the  cathode 
which  improves  the  electrochemical  performance  of  the  sam¬ 
ple,  reducing  therefore  the  semicircle  of  medium-low  frequencies 
(R-2). 

However  at  850  °C  the  PSFC08  sample  exhibits  a  lower  resis¬ 
tance  than  PSFC01,  which  means  that  the  tendency  observed  at 
700  °C  has  changed  (Fig.  7).  A  possible  explanation  for  this  change 
can  be  given  taking  into  account  the  SEM  images  of  the  final 
morphology  of  the  samples.  Fig.  5a  shows  how  the  morphology 
of  the  sample  PSFC01  has  suffered  a  sinterization  process,  col¬ 
lapsing  partially  the  nanostructure  and  losing  therefore  surface 
area.  On  the  other  hand,  the  PSFC08  sample  keeps  the  desired 
highly  three-dimensional  ordered  nanostructure  after  the  electro¬ 
chemical  measurement,  maintaining  also  the  active  zone  due  to 
the  large  surface  area,  as  it  can  be  observed  in  Fig.  5b.  This  pro¬ 
cess  was  also  observed  and  reported  by  Sacanell  et  al.  [11]  for 
Lao.6Sro.4Co03. 

Three  different  semicircles  appear  at  850  °C.  R-SDC,  R-l,  R-2 
and  R-3  are  related  to  ohmic  resistance,  charge  transfer  and  dis¬ 
sociative  adsorption  on  the  electrode  surface,  and  gas  diffusion, 
respectively.  The  appearance  of  three  semicircles  at  high  temper¬ 
atures  is  a  typical  characteristic  of  the  mixed  ionic  and  electronic 
conductors  (MIEC)  [26].  The  three  resistances  which  belong  to  the 
cathode  material,  R-l,  R-2  and  R-3,  have  constant  phase  elements 


Fig.  5.  SEM  images  of  the  final  morphology  of  the  nanostructured  samples:  (a) 
PSFC01  and  (b)  PSFC08. 
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Fig.  6.  Nyquist  diagram  of  the  PSFC01  and  PSFC08  samples  at  700  °C.  The  impedance 
data  are  plotted  after  electrolyte  ohmic  drop  correction.  The  numbers  indicate  the 
frequency  logarithm. 
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Fig.  7.  Nyquist  diagram  of  the  PSFC01  and  PSFC08  samples  at  850  °C.  The  impedance 
data  are  plotted  after  electrolyte  ohmic  drop  correction.  The  numbers  indicate  the 
frequency  logarithm. 

(CPEs)  in  parallel.  The  overlapping  of  the  semicircles  makes  dif¬ 
ficult  the  analysis  of  the  results  obtained  for  each  process.  As  it 
has  been  mentioned,  at  both  high  temperatures  and  frequencies 
(R-l),  a  small  arc  which  is  independent  of  temperature  appears 
[27].  This  contribution  is  similar  for  both  materials,  and  can  be 
related  to  the  interfacial  processes  as  charge  transfer  across  the 
electrode/electrolyte  interface  and  solid-state  diffusion  trough  the 
bulk  of  the  electrode.  The  medium-frequency  arc  (R-2)  is  associated 
with  the  processes  that  take  place  in  the  cathodic  material,  such  as 
oxygen  dissociative  adsorption  on  the  surface  of  the  electrode  and 
its  posterior  diffusion  towards  the  electrolyte.  These  processes  are 
temperature  dependent  as  it  can  be  observed  in  Figs.  6  and  7.  Focus¬ 
ing  on  the  R-2  of  both  Nyquist  diagrams  is  possible  to  appreciate 
the  high  decrease  of  this  arc  when  the  temperature  increases.  This 


considerably  decrease  observed  at  850  °C,  allows  the  appearance 
of  the  third  semicircle  (R-3)  which  is  overlapped  at  lower  temper¬ 
atures.  This  low-frequency  arc  (R-3)  is  ascribed  to  the  process  of 
gas  diffusion,  which  is  highly  influenced  by  the  oxygen  pressure 
[28-30].  In  order  to  confirm  every  contribution  with  its  respective 
semicircle,  it  will  be  necessary  to  carry  out  measurements  in  dif¬ 
ferent  oxygen  partial  pressures,  so  that  study  will  be  carried  out  in 
further  works  under  way. 

The  medium-frequency  semicircle  is  the  one  which  more  influ¬ 
ence  has  on  the  total  resistance.  For  this  reason,  PSFC08  has  a 
smaller  resistance,  as  the  surface  area  is  larger  in  this  sample,  the 
active  zone  is  also  larger  and  therefore  there  are  more  sites  where 
the  cathodic  reaction  can  takes  place,  producing  a  larger  amount  of 
oxide  ions.  On  the  other  hand,  the  difference  in  the  third  semicircle 
between  PSFC01  and  PSFC08  can  be  assigned  to  the  microstruc¬ 
ture  order.  The  PSFC08  sample  keeps  the  three-dimension  order 
facilitating  the  diffusion  of  the  gas  through  the  cathodic  mate¬ 
rial,  showing  a  smaller  semicircle  than  PSFC01  which  has  lost  the 
microstructural  order.  Furthermore,  the  inner  pore  disappears  after 
the  thermal  treatments  (see  Table  1  and  Fig.  4)  getting  nanowires. 
This  way,  Knudsen  diffusion,  when  the  transport  is  dominated  by 
collisions  with  the  pore  walls,  is  clearly  a  dominant  process  in  nan¬ 
otubes  and  mesoporous  materials. 

The  EIS  data  were  used  to  derive  the  area  specific  resistance 
(ASR)  for  the  PSFC  electrodes.  The  cathodic  area  specific  resistance 
(ASR)  is  deduced  from  the  relation: 

_  ^electrode  x  Surface 


The  ASR  evolution  with  the  temperature  for  both  samples  is 
shown  in  Fig.  8.  The  PSFC01  sample  presents  better  ASR  values  than 
PSFC08  up  to  700  °C.  Between  700  and  800  °C  the  tendency  changes 
showing  the  PSFC08  a  better  performance.  This  change  in  the  ten¬ 
dency  can  be  associated  with  the  loss  of  the  three-dimensional 
order  in  the  sample  PSFC01,  while  the  sample  PSFC08  keeps  it. 
At  850  °C  the  PSFC01  sample  exhibits  an  ASR  value  of  0.24  £2  cm2, 
while  the  value  for  the  PSFC08  sample  is  0.12  £2  cm2. 


Temperature  (°C) 


Fig.  8.  ASR  evolution  with  temperature  of  the  PSFC01  and  PSFC08  samples. 
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4.  Conclusions 

3D  highly  ordered  Pro.6Sro.4Feo.sCoo.2O3  nanotubes  with  differ¬ 
ent  diameter  sizes  have  been  synthesized  employing  commercial 
polycarbonate  membranes.  The  nanotubes  have  been  character¬ 
ized  by  X-ray  diffraction  proving  the  presence  of  an  only  crystalline 
phase.  A  study  of  the  evolution  of  the  morphology  with  the  tem¬ 
perature  has  been  done  revealing  that  the  nanotubes  with  diameter 
size  smaller  than  lOOnm  are  more  affected  by  the  thermal  treat¬ 
ment  which  derivates  in  the  sintering  of  the  particles,  collapsing 
the  nanostructure  and  reducing  the  active  area  of  the  cathode.  On 
the  other  hand,  the  thicker  nanotubes  are  able  to  keep  the  nanos¬ 
tructure  and  that  is  the  reason  of  their  better  ASR  values  at  850  °C, 
which  is  as  good  as  0.12  Q  cm2. 
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